Complex Zintl phases, especially antimony (Sb)-based YbZn 0.4 Cd 1.6 Sb 2 with figure-of-merit (ZT) of ∼1.2 at 700 K, are good candidates as thermoelectric materials because of their intrinsic "electron-crystal, phonon-glass" nature. Here, we report the rarely studied p-type bismuth (Bi)-based Zintl phases (Ca,Yb,Eu)Mg 2 Bi 2 with a record thermoelectric performance. Phase-pure EuMg 2 Bi 2 is successfully prepared with suppressed bipolar effect to reach ZT ∼ 1. Further partial substitution of Eu by Ca and Yb enhanced ZT to ∼1.3 for Eu 0.2 Yb 0.2 Ca 0.6 Mg 2 Bi 2 at 873 K. Density-functional theory (DFT) simulation indicates the alloying has no effect on the valence band, but does affect the conduction band. Such band engineering results in good p-type thermoelectric properties with high carrier mobility. Using transmission electron microscopy, various types of strains are observed and are believed to be due to atomic mass and size fluctuations. Point defects, strain, dislocations, and nanostructures jointly contribute to phonon scattering, confirmed by the semiclassical theoretical calculations based on a modified Debye-Callaway model of lattice thermal conductivity. This work indicates Bi-based (Ca, Yb,Eu)Mg 2 Bi 2 is better than the Sb-based Zintl phases. (1), and is foreseen to play an important role in the power industry and automobiles (2-5). Widespread applications are currently limited as a result of the low efficiency of TE materials (6). TE efficiency depends on the Carnot term as well as the TE figure-of-merit, ZT, defined as ZT = (S 2 σ/κ)T, where S, σ, κ, and T are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute temperature, respectively. S 2 σ is known as the power factor (PF) (7). Even though PF can be enhanced by electronic structure engineering, and κ can be reduced by an increase in phonon scattering, it is very difficult to independently increase PF and simultaneously decrease κ because they are oppositely related to carrier concentration and effective mass.
T hermoelectric (TE) power generation, a type of solid-state technology that converts heat into electricity, is currently used in subsea and spacecraft (1) , and is foreseen to play an important role in the power industry and automobiles (2) (3) (4) (5) . Widespread applications are currently limited as a result of the low efficiency of TE materials (6) . TE efficiency depends on the Carnot term as well as the TE figure-of-merit, ZT, defined as ZT = (S 2 σ/κ)T, where S, σ, κ, and T are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute temperature, respectively. S 2 σ is known as the power factor (PF) (7) . Even though PF can be enhanced by electronic structure engineering, and κ can be reduced by an increase in phonon scattering, it is very difficult to independently increase PF and simultaneously decrease κ because they are oppositely related to carrier concentration and effective mass.
As an alternative to evaluating the maximum ZT, a dimensionless material parameter B at particular temperature has proven to be useful (8) (9) (10) . κ Lat T 5=2 , [1] where m*, m 0 , μ, κ Lat , and T are the carrier effective mass, free electron mass, carrier mobility, lattice thermal conductivity, and absolute temperature, respectively. Therefore, heavy effective mass, high carrier mobility, and low lattice thermal conductivity are highly desirable for good TE performance. Practically, some strategies and concepts have been proposed to achieve this goal, e.g., band convergence and resonant states for heavier effective mass (11) (12) (13) , band alignment and weak electron-phonon and alloy scattering to achieve high carrier mobility (14) (15) (16) , and alloying or nanostructuring to enhance phonon scattering (17) (18) (19) . The complex Zintl phases, especially Sb-based Zintl compounds, have been demonstrated to be promising TE materials for middleto high-temperature applications. Remarkable achievements have been reported with maximal ZT around or more than 1, e.g., β-Zn 4 Sb 3 (20, 21) , Yb 14 Mn 1−x Al x Sb 11 (22, 23) , and A y Mo 3 Sb 7-x Te x (24) . In particular, Zintl phases AB 2 Sb 2 (A = Ca, Yb, Eu, Sr; B = Zn, Mn, Cd, Mg) (25) (26) (27) (28) (29) crystallizing in CaAl 2 Si 2 structure have been extensively studied with the highest ZT for YbZn 0.4 Cd 1.6 Sb 2 ∼ 1.2 at 700 K. The A sites of these materials have been shown to contain exclusively divalent ions, which are limited to alkalineearth-based and rare-earth-based elements like Eu and Yb, whereas B is a d 0 , d 5 
, d
10 transition metal or a main-group element like Mg 2+ (30, 31) . Despite the extensive research on Zintl antimonides, analogous Bi-based Zintl materials have received little attention, even given the competitive TE performance of this system. For the CaAl 2 Si 2 -type Zintl phases, the crystal structures of both alkalineearth-based and rare-earth-based AMg 2 Bi 2 (A = Mg, Ca, Sr, Ba, Yb, Eu, Sm) have been reported (32) (33) (34) . However, the reported ZT is ∼0. 4 (33) . Inspired by our previous investigation on analogous Bi-based Zintl AMg 2 Bi 2 (A = Ca, Yb) phases, disordered (Ca,Yb, Eu)Mg 2 Bi 2 Zintl phases have been studied in this work. It has been demonstrated that the base sample EuMg 2 Bi 2 has the lowest resistivity and achieves much higher ZT value ∼1. Compared with the reported EuMg 2 Bi 2 with ZT < 0.1, this improvement is significant and mainly attributed to the pure phase and nanostructures achieved by the ball-milling and hot-pressing method. Further, due to the weakly affected carrier mobility by band engineering and multistrain-field fluctuation by alloy effects on A site (Ca, Yb, and Eu), a significantly enhanced TE figure-of-merit, ZT ∼ 1.3 is achieved (Fig. 1 ). This ZT value is, to our knowledge, the highest ever reported in a CaAl 2 Si 2 -based structure, especially compared with the most popular Sb-based Zintl compounds. With simulation for the optimized Eu 0.2 Yb 0.2 Ca 0.6 Mg 2 Bi 2 alloys, we confirm chemical disorder has no effect on valence band, but does affect the conduction band, resulting in good p-type TE properties. The current work illuminates the Bi-based Zintl phases as promising TE materials.
Materials and Methods
Synthesis. A series of samples EuMg 2 Bi 2 , Eu 0.5 Yb 0.5 Mg 2 Bi 2 , Eu 0.5 Ca 0.5 Mg 2 Bi 2 , and (Eu 0.5 Yb 0.5 ) 1−x Ca x Mg 2 Bi 2 (x = 0.4, 0.5, 0.6, and 0.7) was prepared by ball milling followed by hot pressing. Starting with calcium (Ca, Sigma-Aldrich, 99.9%, pieces), ytterbium (Yb, Sigma-Aldrich, 99.9%, cubes), europium (Eu, Atlantic, 99.9%, cubes), magnesium (Mg, Sigma-Aldrich, 99.9%, pieces), and bismuth (Bi, Sigma-Aldrich, 99.999%, chunks), the elements were weighed and then loaded in a stainless steel jar with stainless steel balls for mechanical alloying by a high-energy ball mill (SPEX 8000D) for 12 h. The final nanopowder was then loaded into a graphite die with an inner diameter of 12.7 mm, and consolidated by ac hot pressing at ∼933 K for 2 min.
Characterization. A PANalytical multipurpose diffractometer with an X'celerator detector (PANalytical X'Pert Pro) was used to characterize the phases. Morphology and elemental ratios were characterized by scanning electron microscopy (LEO 1525) and electron probe microanalysis (JXA-8600), respectively. Transmission electron microscopy (TEM, JEOL 2100F) was used to analyze the detailed microstructures. A Nicolet iS50 FTIR spectrometer with a SpectraTech model 500 series variable-angle specular-reflectance accessory was used to measure the band gap.
Measurements. The electrical resistivity (ρ) and Seebeck coefficient (S) were simultaneously measured on a commercial system (ZEM-3, ULVAC) using the four-point dc switching method and the static temperature difference method. The thermal conductivity was obtained by measuring the thermal diffusivity (D) on a laser flash apparatus (LFA 457, NETZSCH), specific heat (C P ) on a differential scanning calorimeter (404 C, NETZSCH), and volumetric density (ρ D ) by the Archimedes method. The total thermal conductivity (κ) was calculated by κ = Dρ D C p . The carrier concentration (n) was obtained by Hall effect measurement (Van der Pauw method) at room temperature using a modified sample puck in a physical properties measurement system (PPMS D060, Quantum Design) under a magnetic field of 3 T. The Hall mobility (μ) was estimated by 1/ρ = neμ with electrical resistivity ρ from a ZEM-3 instrument. It is understood that there is a 3% error in the electrical resistivity, 5% in the Seebeck coefficient, and 5% in the thermal conductivity, resulting in an error of around 14% for ZT. For better readability of the figures, we have deliberately plotted the curves without the error bars.
Electronic Calculation. The electronic structure was calculated by the densityfunctional theory (DFT) as implemented in the open-source Quantum ESPRESSO program package (36) . The exchange-correlation function was taken within the generalized gradient approximation (GGA) in the parameterization of PerdewBurke-Ernzerhof (PBE) (36, 37) . All 4f states of Eu and Yb were included in the current calculations. Due to the self-interaction errors, the standard DFT methods cannot handle the partially filled and sometimes even closed f electrons. As an alternative we used the DFT+U formalism (38) , in which we included a Hubbard U parameter to account for the on-site Coulomb interaction. A U of 6 eV for Eu and 9 eV for Yb were selected to shift the localized f states away from the Fermi level. The value of U is selected so that the f states lie just below the topmost p states of the valance band. We choose it simply because this separates the strongly localized f states from other states needed for the generation of maximally localized Wannier functions. A plane-wave basis was adopted for the expansion of the valence electron wave functions with kinetic-energy cutoffs of 80 Ry. For ground-state calculations we used an 8 × 8 × 8 Monkhorst-Pack k-point mesh. From the ground-state density, the Bloch states have been computed on a 4 × 4 × 4 mesh. To analyze the nature of the chemical bonding in the ordered compounds, selected conduction bands were projected onto maximally localized Wannier functions (MLWFs) using the wannier90 code (39) .
Furthermore, the electronic structure calculations of substituted (Ca,Eu,Yb) Mg 2 Bi 2 compounds have been performed by means of the scalar relativistic Korringa-Kohn-Rostoker (KKR) method in combination with the coherent potential approximation (CPA) as implemented in the AkaiKKR (machikaneyama) program package (40, 41) . The calculations were performed in the scalar relativistic mode by solving the Dirac equation for core and valence states. The Moruzzi, Janak, and Williams method was used for the parameterization of the exchange energy. The k-integration mesh was set to a size of (7 × 7 × 7) during the self-consistent cycles (213 k points in the irreducible wedge of the Brillouin zone). The Ca, Eu, or Yb atoms are placed on the 1a Wyckoff position, and the Mg and Bi atoms are placed on the 2d positions.
Lattice Dynamics Calculation. The density-functional perturbation theory (DFPT), implemented in the PHonon code of the Quantum ESPRESSO distribution (34), was used for CaMg 2 Bi 2 , EuMg 2 Bi 2 , and YbMg 2 Bi 2 lattice dynamics calculations. The self-consistent calculations were done in a scalar relativistic approximation, with the PBE GGA, and an energy cutoff of 80 Ry was used for the plane-wave expansion. An 8 × 8 × 8 k-space grid was used for these self-consistent calculations, resulting in 65 k points in the irreducible Brillouin zone. Once self-consistency was achieved, the PHonon code was used to generate the second-order force constants from the basic unit cell. Based on the obtained force constants, the phonon dispersions and densities of states were calculated. The phonon density of states is shown with a Gaussian broadening of 0.75 cm −1 .
A B were fabricated by mechanical alloying and hot pressing, and confirmed to be phase pure within the X-ray diffraction (XRD) detection limit (Fig. S1 ). To assess the TE performance of these samples, the electrical resistivity, Seebeck coefficient, and thermal conductivity were measured from 300 to 873 K, as shown in Fig. 2 . Hall effect measurements were performed to aid in the analysis of these measurements (Table S1 ). For comparison, the TE properties of the three base compositions CaMg 2 Bi 2 , YbMg 2 Bi 2 , and EuMg 2 Bi 2 are shown in Fig. 2 (Insets) . Fig. 2A illustrates the electrical resistivity as a function of temperature. All samples seem to follow ρ vs. T 1.5 , indicating that the carrier transport is dominated by acoustic phonon scattering before the intrinsic excitation. (Fig. 2C) .
The temperature dependence of thermal conductivity and that of lattice thermal conductivity are shown in Fig. 2 D To better understand the transport behavior of the AMg 2 Bi 2 family, DFT was first used to investigate the crystal and band structures, charge distribution, and chemical bonding for the three base compounds AMg 2 Bi 2 (A = Ca, Yb, Eu).
The calculated crystal structures of the three base compounds are listed in Table S2 . The larger Eu 2+ ion expands the structure and results in a larger geometric anisotropy of the crystal, as observed from XRD patterns with left shifting (Fig. S1) . The Zintl compounds crystallizing in the CaAl 2 Si 2 structure have been demonstrated to be p-type by both the first-principle calculation and experiments (29, 42) , whereas the n-type compound has barely been found. The DFT calculated band structures of the three base compounds are shown in Fig. 3 A-C, proving that the Bi-based AMg 2 Bi 2 Zintl phases are also intrinsically p-type. Clearly, both light-and heavy-hole bands exist near the top of the zone center. The direct band-gap (E g ) energy for CaMg 2 Bi 2 is estimated to be 0.4 eV, smaller than the previously reported value of 0.7 eV estimated by the modified Becke Johnson functional of Tran and Blaha (32) . FTIR specular-reflectance measurement plus Kramers-Kronig analysis shows the band gap for CaMg 2 Bi 2 to be ∼0.42 eV (Fig. S2) and is in agreement with our DFT results. Due to the 4f electrons, E g is observed to be 0.25 eV for EuMg 2 Bi 2 and 0.18 eV for YbMg 2 Bi 2 . Fig. 3D Zintl nature of these materials. The DOS of all compounds is shown in Fig. 3E . The EuMg 2 Bi 2 crystal possesses the largest geometric anisotropy, but a nearly zero crystal-field splitting energy (Δ cr ) ( Table S2 ). The small Δ cr results in the higher band degeneracy near the Fermi level, which is always favorable for the electrical transport properties of TE materials (43) ; this is consistent with the recent report on the selection criterion −0.06 < Δ cr < 0.06 with band gap E g < 1.5 eV for promising Zintl TE candidates (44) . Moreover, to obtain an insightful picture of the chemical bonding, we generated the MLWFs of all three compounds. It can be observed that the top six valence bands can be well represented by the six p-like MLWFs centered on two Bi atoms (Fig. S3) . Additionally, strong hybridizations are found between Bi and Eu/Yb, explaining the small band gap and large hole mobility in EuMg 2 Bi 2 and YbMg 2 Bi 2 .
In addition to electronic calculations, to further understand the thermal transport, the phonon dispersions and DOS were calculated based on the DFPT.
The phonon band structures of CaMg 2 Bi 2 , EuMg 2 Bi 2 , and YbMg 2 Bi 2 are presented in Fig. 4 . We see that: (i) The phonon frequencies of all pure compounds are relatively low. For instance, the three acoustic modes of each pure compound all comprise low frequencies of 50 cm −1 (6 meV) or less, above which they intersect optical branches. Meanwhile, the maximum optical mode frequency is only 250 cm −1 (31 meV). These low phonon frequencies are favorable for the TE transport properties. compounds. Therefore, unlike other TE materials with complex crystal structures, the optical modes of the current compounds possess nonzero group velocities and contribute significantly to the heat transport. Thus, the usual phonon transport model based on the Debye approximation may require consideration in these compounds. (iii) The low-frequency parts of the phonon spectra become more depressed with increased A-site mass. The CaMg 2 Bi 2 compound possesses three optical modes near 130 cm −1 , whereas these optical modes move down and intersect the acoustic models in EuMg 2 Bi 2 and YbMg 2 Bi 2 compounds. Therefore, lower acoustic phonon group velocities and stronger phonon-phonon scattering can be expected in the latter two compounds. . The Eu/Yb domination below 100 cm −1 cannot be explained by the increased mass only, but also by the strong f hybridization of the nearest Eu/Yb atoms, as indicated by the MLWFs. (Fig. 2A) . With increasing Ca concentration, the electrical resistivity gradually increases, mainly due to the reduction of carrier concentration. Consistent with the tendency of electrical resistivity, the Seebeck coefficients increase with increasing Ca concentration, as shown in Fig. 5B . The Seebeck coefficients of all samples exhibit peak values, the typical characteristic of the bipolar effect. With increasing concentrations of Eu/Yb, the increased carrier concentrations by reduced band gap cause the peaks to shift to higher temperatures. The relationship between Seebeck coefficient and carrier concentration at room temperature is plotted in Fig. 5C . Even though DFT calculation has demonstrated that there are three bands at the valence band edge that are degenerate at the Γ-point, the single parabolic band model with a single combined effective mass has been successfully applied in Zintl AZn 2 Sb 2 (A = Sr, Ca, Yb, Eu) (29) . Similarly, here we also applied the single parabolic band model with the assumption of acoustic phonon scattering; the dashed line is the theoretical Pisarenko line with m* = 0.7m e . All of the experimental data fall well onto the calculated line. This good agreement between the single band model and the experimental data demonstrates that the different compositions in A site have almost no influence on the valence band structure at 300 K, confirmed by the DOS calculation discussed above. Fig. 5D shows the power factor, which slightly increases with Eu/Yb concentration.
Band Engineering of (Ca,Eu,Yb)Mg 2 Bi 2 : Weakly Affected Valence Band for High Mobility and Adjusted Conduction Band by Alloying. Generally speaking, substituting atoms disturbs the lattice, making perfectly coherent electron waves impossible. Instead, the electrons are scattered by such atoms, resulting in the reduction of carrier mobility. This phenomenon is therefore called chemical disorder scattering, which is not beneficial for electronic performance. For example, the mobility drops by more than 30% in n-type (PbTe) 1-x (PbSe) x solid solutions due to chemical disorder scattering (48) . However, as shown in Table S4, carrier mobility of (Eu 0.5 Yb 0.5 ) 1−x Ca x Mg 2 Bi 2 is not reduced much due to chemical disorder scattering. The carrier mobility is inversely proportional to the product of effective mass and scattering rate. Our DFT calculations reveal that both the effective mass and scattering rate are nearly unaffected by the Yb/Ca substitution. The comparison of the electronic structure of the optimized Eu 0.2 Yb 0.2 Ca 0.6 Mg 2 Bi 2 with EuMg 2 Bi 2 is demonstrated in Fig. S5 A and B using the Bloch spectral function calculated by the KKR-CPA method. The lifetime τ ∝ (ΔE) -1 of chemical disorder scattering is introduced here, inversely proportional to the energy width of the states. By comparing the different states of the base and substituted compounds, it is seen that the hole states are much less influenced than the electron states in the whole band structure. This is consistent with the nearly unchanged effective masses (Table  S4) . On the other hand, the width of the Bloch spectral function projected at M point is compared in Fig. S5C . The inspection of the Bloch spectral function also reveals that the broadening, and thus the relaxation times τ, is only significant in the conducting bands. This is also beneficial in maintaining the high carrier mobility in the disordered structures (48) .
Reduced Thermal Conductivity Through Nanostructure, Strain, and Dislocation. Thermal conductivity is calculated as the product of density, specific heat (Fig. S6A) , and thermal diffusivity (Fig. S6B) . The peak around 543 K observed (Fig. S6A) indicates there is a phase transition. This is mainly because of the existence of Bi as the impurity phase, as observed in Fig. S4 . The melting point of Bi is 544 K, consistent with the peak observed in specific heat measurement. The same phenomenon has been demonstrated in our previous study (35) . Fig. 6A shows the temperature dependence of the total thermal conductivity κ for all (Eu 0.5 Yb 0.5 ) 1−x Ca x Mg 2 Bi 2 samples. At room temperature, the κ of base compounds AMg 2 Bi 2 (A = Eu, Yb, Ca), shown in Fig. 2D , is ∼3 W m
, and is dramatically reduced Fig. 6A , with increasing Ca concentration, the thermal conductivity first decreases, reaching the lowest point at x = 0.6, and then increases. By directly subtracting the electronic contribution from the total thermal conductivity, the lattice thermal conductivities (κ Lat ) were obtained and are shown in Fig. 6B . Specifically, the lowest lattice thermal conductivity decreases to 0.5 W m
at 873 K in the sample with x = 0.6. Apparently, the alloying effect contributes much to the reduction in lattice thermal conductivity, which would significantly enhance the efficiency based on parameter B (Eq. 1) due to the weakly affected carrier mobility and the similar effective mass.
The microstructure of the optimized Eu 0.2 Yb 0.2 Ca 0.6 Mg 2 Bi 2 sample is investigated by TEM. The presence of nanoscale grains around 200-500 nm is evident in Fig. 7A . The black nanoprecipitates around 5-50 nm can also be observed inside grains or near boundaries. Elemental analysis by energy-dispersion X-ray spectroscopy (EDS) indicates Bi concentration is higher in the precipitates (Fig. 7B) , consistent with the Bi peaks shown in XRD patterns and specific heat curve (Fig. S4 ). Fig. 7C shows the clean grain boundaries by high-resolution TEM (HRTEM) and crystalline grains of the sample. Moreover, a number of different defect strains were observed in the samples, as shown in Fig. 7 D-F , which might be evidence of point defects in alloyed structures.
The strain is defined as the measurement of the relative displacement of atoms/ions from a reference configuration. Normally, there are three types of precipitate-matrix or matrix-matrix interfaces: coherent (elastic strain), incoherent, and semicoherent (plastic strain) (shown in Fig. 7 G-I) (19) . The coherent elastic strain and semicoherent plastic strain are common. In most cases, the incoherent interface would seldom involve strain field due to the minimal interaction between the phases. The three types of interactions can largely affect the phonon scattering, and the detailed analysis is shown in Fig. 7 D-I. In Fig. 7D , the semicoherent strain caused by misfit dislocations is observed near the grain boundary, with the corresponding schematic representation plotted in Fig. 7G . The inset magnification of one segment of Fig. 7D clearly indicates several dislocations. Near the grain boundary shown in Fig. 7E , another type of incoherent interaction is also observed, possibly even with strain fields appearing. The enlarged image is displayed in Fig. 7H with the corresponding schematic representation. The last type of interaction of the elastic strain is observed inside the grains mainly due to the large alloy concentration as shown in Fig. 7F . Most of the strain-field fluctuations observed in Fig. 7 are likely to be caused by the Ca, Yb, and Eu disorder in the lattice because of the mass and size differences, which could significantly reduce the lattice thermal conductivity.
Inspired by the dramatically reduced disorders in the compounds, further insight into the phonon transport properties was considered to compare the ordered and disordered compounds. As discussed in the previous section, the usual phonon transport model based on the Debye approximation may be insufficient to describe the lattice thermal conductivity of AMg 2 Bi 2 compounds. First-principle calculations of the third-order force constants may give an insightful description of the phonon transport properties. But, such calculations require a huge amount of computational resources. The situation is even more problematic for the disordered compounds. Hence, we applied an approximate Boltzmann-Peierls theory, namely a generalized Callaway equation (49) , to the ordered and disordered compounds.
We use the following high-temperature expression, which is a generalization of the Callaway treatment to a non-Debye approximation:
where IðωÞ ≡ hν 2 g i ω GðωÞτðωÞ, V is the unit volume, ω is the phonon angular frequency, k B is the Boltzmann constant, hν 2 g i ω is the frequency-averaged group velocity, GðωÞ is the density of states, and τðωÞ is a relaxation time, which in the Callaway treatment is independent of normal-mode polarization.
We consider four scattering mechanisms in (Ca,Eu,Yb)Mg 2 Bi 2 : the point-defects scattering, phonon-phonon scattering, electron-phonon scattering, and grain boundary scattering. The relaxation times are τ
PE = Cω, and τ −1 GB = v a =L, respectively. Therefore, the combined phonon relaxation time can be expressed as
where L is the average grain size (taken from the TEM observation), and the coefficients A, B, and C are fitting parameters.
The fitted results are shown as the solid lines in Fig. S7A . The coefficients A, B, and C for all of these samples are summarized in Table 1 . The electron-phonon scattering is very weak in all three samples, indicating low deformation potential E def , which is also responsible for the high carrier mobility observed above (48) . The strength of the phonon-phonon scatterings is nearly unchanged based on the similar B, whereas the point-defect scattering rate increases with the site substitution. For instance, the point-defect scattering of Yb 0.2 Eu 0.2 Ca 0.6 Mg 2 Bi 2 is twice that of Yb 0.5 Eu 0.5 Mg 2 Bi 2 , indicating the effect of remarkable mass and strain-field fluctuation. Therefore, the fitted results are consistent with the TEM observation.
To study the effects of nanostructures on the lattice thermal conductivity of (Ca,Eu,Yb)Mg 2 Bi 2 alloys, we calculated the accumulative lattice thermal conductivity of Yb 0.2 Eu 0.2 Ca 0.6 Mg 2 Bi 2 , as shown in Fig. S7B . It is clear that a large portion of heat is carried by phonons with mean-free path lengths longer than 300 nm. Therefore, the nanostructures can decrease the lattice thermal conductivity of (Ca,Eu,Yb)Mg 2 Bi 2 alloys.
Enhanced Figure- of-Merit. The highest ZT that can be achieved in a given material system is governed by its material parameter (Eq. 1). However, in the simplest solid solutions, the net result of alloying on ZT relies on two effects with opposite influences: mobility reduction and lattice thermal conductivity reduction. Here, because of the band structure engineering with weak chemical (Fig. 8A) . Such a ZT value is competitive with the reported Sb-based p-type Zintl phases (22, 26, 27, 50) and even other good p-type skutterudites (51) and half-Heuslers (52) in this temperature range (Fig. 8B) . Compared with the best TE performance of YbZn 0.4 Cd 1.6 Sb 2 , our Bi-based Zintl phases are nontoxic in addition to having a higher ZT, which is beneficial in aiming toward practical applications of these compounds.
Conclusion
We demonstrated for the first time, to our knowledge, that the base Zintl compound EuMg 2 Bi 2 can achieve peak ZT ∼1. 
